In tobacco-associated solid tumors, evidence suggests that the pattern of carcinogen exposure is related to the nature of somatic gene inactivation within crucial pathways, including the retinoblastoma (Rb) pathway. 1.3 (95% CI, 0.5-3.0) and 1.9 (95% CI, 0.9-4.0) for 29 to 39 years and >39 years of tobacco smoking, respectively, as compared with those that smoked V28 years. As in the case of alcohol use, intensity of tobacco exposure (measured as packs per day) was not associated with gene deletion. Hence, the duration of alcohol use and duration of smoking, but not intensity of either, significantly predicted p16 INK4A homozygous deletion in HNSCC. (Cancer Res 2006; 66(8): 4512-5) 
Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide and the tenth most common cancer in the United States (1, 2) . It consists of cancers of epithelial origin of the upper aerodigestive tract, including the oral cavity. Despite the diverse anatomy and mixture of tissues represented by the head and neck region, all HNSCCs share common risk factors and are similar in their epidemiology, treatment, and prognosis and, hence, are often studied together (3) . Tobacco usage and alcohol consumption are the main risk factors for developing HNSCC in the United States. Furthermore, the combination of alcohol and tobacco exposure synergistically enhances the risk of HNSCC (4) .
There is mounting evidence that the pattern of somatic alterations that result in clonal selection in carcinogenesis reflects the nature of carcinogen exposure. In non-small-cell lung cancer, another tobacco-related disease, the occurrence of p16 INK4A methylation is associated with increased tobacco exposure in a dose response-related fashion (5, 6) . In HNSCC, loss of heterozygosity (LOH) of the whole arm of chromosome 3p is associated with increased tobacco and alcohol exposure (7) and LOH at chromosome 22q13 has been associated with increased alcohol exposure (8) . However, the relationship between p16
INK4A homozygous deletion and carcinogen exposure in HNSCC remains largely unexplored. Inactivation of the gatekeeper Rb pathway by homozygous deletion of the p16 INK4A gene occurs frequently in HNSCC (9) (10) (11) (12) . Because the Rb pathway is inactivated in the majority of HNSCCs (11, 13) , it provides a model amenable to examining the role that tobacco and alcohol exposure play in selecting for deletion of p16 INK4A . We have tested the hypothesis that p16
INK4A homozygous deletion in HNSCC is associated with carcinogen exposure, determining the deletion frequency in a series of 330 cases.
Materials and Methods
HNSCC case series study. We examined 330 consecutive primary HNSCC from subjects who were enrolled in a population-based case-control study. Patients were identified in concert with the Rapid Case Identification Core of the Harvard Comprehensive Cancer Center. The overall response rate for the study was 83%. Paraffin specimens were collected from patients who underwent surgical resection at the Dana-Farber Cancer Institute, Brigham & Women's Hospital, Beth Israel Deaconess Hospital, Mass General Hospital, Mass Eye and Ear Infirmary, Boston Medical Center, Boston Veterans Administration Medical Center, and New England Medical Center from December 1999 through December 2004. Specimens were pathologically reviewed for selection of paraffin samples containing primarily tumor. Information about smoking status, years smoked, packs consumed per day, alcoholic drinks consumed per week, and other sociodemographic characteristics such as age and gender were obtained by completion of a detailed interviewer-administered questionnaire. Alcohol and tobacco usage patterns were assessed (separately), such that we addressed usage over each individual's lifetime. For those that were not able to complete the long version of the questionnaire (n = 258), a shorter version of the questionnaire was administered that captured alcohol and tobacco usage history without the lifetime specific exposure data (n = 25). A sensitivity analysis showed response to these questions not to differ based on data garnered from the long or short version of the questionnaire. For those for whom neither the detailed nor shorter questionnaire was available (n = 47), smoking and drinking data were collected from medical charts. was determined using a TaqMan-based real-time PCR method as previously described (14) . Briefly, exon 2 of p16 INK4A and the b-actin gene were amplified in a multiplex assay. The primer sequences for detecting p16
INK4A
exon 2 were 5V -GGCTCTACACAAGCTTCCTTTCC-3V(sense) and 5V -TCAT-GACCTGCCAGAGAGAACA-3V (antisense). The primer sequences for detecting b-actin were 5V -AGCGCGGCTACAGCTTCA-3V (sense) and 5V -CGTAGCACAGCTTCTCCTTAATGTC-3V(antisense). The probe sequence for p16 INK4A was 5V -CCCCCACCCTGGCTCTGACCA-3V and was labeled with Statistical analysis. Data were analyzed using SAS statistical software. The m 2 test was used for the unadjusted univariate analysis. The categories for the exposure variables were based on the distribution among cases, with the exception of packs per day, which was categorized by less than one pack per day, one pack per day, or more than one pack per day. To consider the effect of multiple variables on p16 INK4A homozygous deletion status, logistic regression was used to estimate odds ratios (OR). Model selection was dependent on overall significance of the model (a = 0.05) using the log likelihood test and inclusion of known risk factors and potential confounders. Cigarette use was modeled using duration of use (years) and intensity (packs per day). Alcohol use was modeled using duration of use (years) and intensity (average drinks per week). Potential confounders included age, gender, and tumor location.
Results
Demographic and exposure characteristics and p16
INK4A
homozygous deletion. We determined the prevalence of p16 INK4A homozygous deletion in 330 HNSCC cases. Among the 330 tumors, 40% (132 of 330) were deleted at this locus. Table 1 summarizes the demographic and exposure characteristics of the population by p16 INK4A deletion status. There was no statistically significant difference in p16
INK4A homozygous deletion by age, gender, or tumor site. When alcohol consumption was evaluated by comparing ever drinkers to never drinkers, there was no significant difference in the occurrence of deletion. However, when alcohol consumption was evaluated by duration (years) of drinking, the duration of alcohol consumption was found to be significantly higher among patients with homozygous p16
INK4A deletion (Table 1 ; P = 0.003). Interestingly, there was no association of intensity of alcohol use (measured as the average alcoholic drinks per week) with p16 INK4A loss. In our initial unadjusted analysis, there was no statistically significant difference in p16 INK4A homozygous deletion by any measure of tobacco usage (i.e., intensity measured in packs per day or duration measured in years of use). Models that did not include packs per day of smoking or drinks per week did not differ from that shown in Table 2 . p16 INK4A homozygous deletion is associated with increased years of drinking and smoking. We further examined the relationship between tobacco and alcohol exposure and p16
homozygous deletion using a logistic regression analysis. This was done to control for potential confounding variables including age, gender, and tumor site while also evaluating the duration and intensity of alcohol and tobacco exposure as individual predictors of p16 INK4A homozygous deletion. The analysis was limited to cases with a history of alcohol and tobacco consumption in an effort to understand the potential differential action of these carcinogens on deletion at the p16 INK4A locus. Comparison of the ever drinkers to never drinkers yielded a nonsignificant OR of 1.6 for homozygous p16 INK4A deletion. Because the association of years of drinking with p16
INK4A deletion was most prominent in the upper third of drinkers in the univariate analysis (Table 1) , we evaluated alcohol duration by comparing the highest tertile of drinking duration versus the lower two thirds. This resulted in a significantly elevated (but imprecise) OR for predicting p16
INK4A homozygous deletion of 4.9 [95% confidence interval (95% CI), 2.0-12.1] for >43 years of alcohol drinking as compared with V43 years of alcohol drinking (Table 2) . While controlling for both duration and intensity of drinking and intensity of smoking, age, gender, and tumor site, there was an apparent dose-response relationship between years of smoking and p16 INK4A homozygous deletion ( Table 2) . Years of smoking, assessed in tertiles, yielded ORs of 1 (1-28 years of smoking), 1.3 (29-39 years), and 1.9 (>39 years). In this model, neither intensity of smoking (packs per day) nor intensity of alcohol use (average alcohol drinks consumed per week) was significantly associated with gene deletion. There was an imprecise decreased risk for p16 INK4A homozygous deletion with age, indicating that the deletion was more likely to occur in younger patients.
Next, we tested whether there was a synergistic effect between alcohol and tobacco duration using an interaction term in the logistic regression model. Although alcohol remained a significant predictor of p16 INK4A deletion, the interaction between alcohol and tobacco was not a significant predictor of deletion (P = 0.69).
Discussion
We detected homozygous deletion of the p16 INK4A gene in 40% (132 of 330) of HNSCC tumors examined, a frequency similar to that previously reported (9) (10) (11) (12) . Although alternative mechanisms of inactivation of p16 INK4A (methylation silencing and mutation) can occur, homozygous gene deletion is the most common type of genetic aberration at this locus. Alcohol exposure, one of the main risk factors for HNSCC, was a significant predictor of p16 INK4A homozygous deletion, but only when measured as duration and not intensity. The majority of studies of the potentially genotoxic action of alcohol have focused on the intensity of alcohol exposure using average alcohol drinks per week as a means to measure alcohol as a risk factor for HNSCC. When intensity and duration of alcohol exposure have been examined separately in large epidemiologic studies, both have been found to contribute to cancer risk (15) . Because these measures are colinear, it has been difficult to distinguish the independent action of the differing exposure metrics. Castellsague et al. (15) observed the cancer risk associated with more intense alcohol use (drinks per day) to be greater than that associated with duration (years of drinking), but both were significant HNSCC risk factors. The data that we collected enabled us to analyze the independent effects of both duration and intensity in the same model. Here we report the first evidence, to our knowledge, that duration of alcohol exposure, independent of intensity, is the primary predictor of a somatic event in HNSCC.
Precisely how alcohol acts in producing large-scale genetic deletion events is unclear. Alcohol (ethanol) itself is not a potent carcinogen (16) ; similarly, its metabolite, acetaldehyde, is mutagenic but its potency is also regarded as relatively mild (17) . When alcohol is applied locally to the oral mucosa in model systems, it increases the occurrence of tumors (18) . Consistent with our finding of deletion associated with drinking, Reis et al. (8) reported alcohol increases deletion events on chromosome 22q13 in HNSCC. Thus, the combination of these data suggests that alcohol exerts its carcinogenic effects in generating largescale DNA breakage events. The precise mechanism behind this is not clear. It might be attributable to a potentially genotoxic metabolite of alcohol (such as acetaldehyde), to the inflammatory effects of irritation, or to breakdown of normal membranous barriers that act to protect cells from the advent of genotoxic events.
We also found evidence for the presence of a dose response between years of smoking and p16
INK4A homozygous deletion. The magnitude of this association was small as compared with that of alcohol, but it is consistent with previous reports in tobaccorelated disease (5, (19) (20) (21) . Interestingly, similar to alcohol, duration of tobacco exposure, and not intensity (packs per day), was the better predictor of deletion. Thus, duration of exposure to either of the major carcinogens in HNSCC was the primary determinant of p16 INK4A homozygous deletion. Although it is not clear why duration is such a powerful predictor of homozygous deletion of p16 INK4A , it might be that continued, chronic exposure is most effective in promoting clonal selection and expansion in this disease. Finally, although smoking and drinking interact to cause HNSCC, we did not observe the exposures to interact in inducing p16
INK4A loss. This suggests that the interaction in causing the disease may be the result of the concomitant effects of alteration of INK4A deletion is associated with longer duration of carcinogen exposure in HNSCC is strikingly different from our prior similar investigation in nonsmall-cell lung cancer (22) . In surgically excised non-small-cell lung cancer, homozygous p16
INK4A deletion occurred in patients who reported a less intense history of cigarette smoking. This difference in the association of carcinogen exposure and gene deletion in these anatomically adjacent solid tumors is dramatic and puzzling. It is of interest, at the same time, to note that our data in HNSCC suggest that, controlled for smoking, homozygous p16
INK4A deletion is associated with a younger age. Hence, both data sets suggest that deletion events at this locus may have some association with measures of susceptibility to these cancers. This also is consistent with the observations that cytogenetic sensitivity (measured with chromosomal breakage) of cells from HNSCC patients to the in vitro action of carcinogens is significantly greater than control, cancer-free individuals (23) . Despite this, in the upper aerodigestive tract, smoking promotes clonal p16 INK4A alteration by deletion, whereas in the lung, increased smoking is associated with clonal selection via inactivation of p16
INK4A by promoter methylation and epigenetic silencing (5, 6) . This difference may be attributable to intrinsic differences in the target tissues, to the components of cigarette smoke that reach the different anatomic locations, or perhaps to the nature of the type of changes needed to immortalize the cells in these tissues. Whatever the mechanism, these observations illustrate that there are profound exposure-related differences in the nature of clonal selection in solid tumors from adjacent but distinct sites.
It should be noted that our sample size, although moderately large, may limit a precise estimation of the point estimates of associations and also limit our ability to detect interaction of smoking and drinking. Furthermore, the detailed questionnaire that collected specific alcohol and tobacco data was not completed by 22% of the cases, further limiting our sample. In sum, our data suggest that the chronic temporal pattern of duration of alcohol and tobacco exposure, independent of intensity, is remarkably important in determining the character of the somatic alteration in the Rb pathway at the p16 INK4A locus in HNSCC. 
